Introduction {#s0001}
============

Breast cancer is the most prevalent malignant tumor and the leading cause of tumor-related mortality among women.[@cit0001] Globally, approximately 1.7 million women are predicted to be diagnosed with breast cancer annually, leading to 522,000 mortalities.[@cit0002] Owing to advances that allow early detection of cancer and curative therapeutic methods, the therapeutic effects and long-term prognosis of breast cancer have improved in the past decade, with a 5-year survival of approximately 90%.[@cit0003] However, the clinical outcomes of patients diagnosed with advanced-stage breast cancer remain unfavorable, with a 5-year survival of \<6%.[@cit0004] Advanced-stage breast cancer is difficult to treat because of its aggressive nature and may result in tumor recurrence, metastasis, or death.[@cit0005] Thus, a better understanding of the molecular mechanisms underlying breast carcinogenesis and progression may contribute to the identification of attractive anticancer therapies.

In recent years, non-coding RNAs have drawn more and more attention.[@cit0006] Long non-coding RNAs (lncRNAs) are RNA transcripts that comprise \>200 nucleotides, lack open reading frames, and have no protein-coding capacity.[@cit0007] Accumulating evidence suggests that lncRNAs execute critical roles in regulating pathological and physiological behaviors of cancer cells.[@cit0008]--[@cit0011] During cancer genesis and progression, cancer-inhibiting and cancer-promoting cellular pathways are regulated by lncRNAs via direct or indirect effects, including gene expression regulation, chromatin remodeling, post-transcriptional modulation, and translational regulation.[@cit0012] Recent evidence has revealed the dysregulation of lncRNAs in breast cancer and has shown that aberrantly expressed lncRNAs are implicated in breast cancer pathogenesis.[@cit0013]--[@cit0015]

MicroRNAs (miRNAs) are a category of highly stable, single-stranded, endogenous RNA molecules comprising 18--25 nucleotides.[@cit0016] miRNAs can negatively regulate gene expression via complete or incomplete binding to the 3′-untranslated regions (3′-UTRs) of their target genes, thereby decreasing translation and/or promoting the degradation of mRNAs.[@cit0017],[@cit0018] Many studies have revealed that miRNAs serve as important regulators of breast cancer oncogenesis and are engaged in a wide spectrum of malignant processes.[@cit0019] In recent years, increasing evidence has identified the cross-modulation between lncRNAs and miRNAs in human cancer.[@cit0020]--[@cit0022] lncRNAs can function as competing endogenous RNAs (ceRNAs) to regulate mRNA expression by competitively binding to shared miRNAs.[@cit0023],[@cit0024] Consequently, elucidation of the critical roles of lncRNAs and miRNAs in breast cancer may provide insight into cancer diagnosis and therapy.

Long intergenic non-coding RNA 922 (LINC00922) has been identified as an important regulator of lung cancer progression.[@cit0025] To the best of our knowledge, the role of LINC00922 in regulating the aggressive nature of breast cancer and its underlying mechanisms are largely unknown. In this study, LINC00922 expression was detected in breast cancer tissues and cell lines. A series of functional assays were performed to assess the influence of LINC00922 on the malignant behavior of breast cancer cells in vitro and in vivo. Finally, experiments were conducted to assess the mechanism by which LINC00922 affects breast cancer progression.

Materials and Methods {#s0002}
=====================

Patient Samples and Cell Lines {#s0002-s2001}
------------------------------

This study was approved by the Ethics Committee of The First People\'s Hospital of Jingzhou (JZFPH. \#20,170,405) and adhered to the tenets of the Declaration of Helsinki. Informed consent was provided by all participants prior to their participation in the study. Human breast cancer tissues and matched normal tissues were acquired from 58 patients with breast cancer admitted to The First People\'s Hospital of Jingzhou. No preoperative radiotherapy, chemotherapy, or other anticancer therapies were given to these patients. Fresh tissues were snap frozen in liquid nitrogen and stored in liquid nitrogen until further use.

The human immortalized breast epithelial cell line MCF-10A and breast cancer cell line BT-474 were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). MCF-10A cells were cultured in Mammary Epithelial Cell Growth Medium BulletKit^TM^ (Lonza/Clonetics Corporation, Walkersville, MD, USA) supplemented with 100 ng/mL cholera toxin. BT-474 cells were cultured in Hybri-Care Medium (ATCC) containing 10% fetal bovine serum (FBS) (Gibco, Grand Island, NY, USA), 100 U/mL penicillin (Gibco), and 100 mg/mL streptomycin (Gibco). Three other breast cancer cell lines, MCF-7, SKBR3, and MDA-MB-231, were obtained from the Shanghai Institute for Biological Sciences, Chinese Academy of Sciences (Shanghai, China), and grown in Eagle's minimum essential medium (ATCC), Dulbecco's modified Eagle's medium (Gibco), and Leibovitz's L-15 medium (Gibco). The other culture conditions of these three cell lines were the same as those used to culture BT-474 cells. All cells were maintained at 37°C in a humidified incubator supplied with 5% CO~2~.

RNA Oligonucleotides, Plasmids, and Cell Transfection {#s0002-s2002}
-----------------------------------------------------

The LINC00922 small interfering (si)RNA (si-LINC00922) and scrambled siRNA \[si-negative control (NC)\] were designed and synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China). miR-424-5p mimic, NC miRNA mimic (miR-NC), miR-424-5p inhibitor (anti-miR-424-5p), and NC inhibitor were purchased from Guangzhou RiBoBio Co., Ltd. (Guangzhou, China). The pcDNA 3.1 plasmid specific to brain-derived neurotrophic factor (BDNF) (termed pc-BDNF) and empty pcDNA3.1 plasmid were obtained from GeneChem Company (Shanghai, China). Cells were seeded into 6-well plates, and transfection of RNA oligonucleotides or plasmids was performed using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA).

Nuclear--Cytoplasmic Fractionation {#s0002-s2003}
----------------------------------

Breast cancer cells were separated into nuclear and cytoplasmic fractions using the PARIS kit (Invitrogen; Thermo Fisher Scientific, Inc.). Total RNA was isolated from both fractions and subjected to reverse transcription-quantitative PCR (RT-qPCR) to measure the levels of LINC00922, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and U6 small nuclear RNA expressions. GAPDH was used as the cytoplasmic loading control and U6 small nuclear expression was used as the nuclear loading control.

RT-qPCR {#s0002-s2004}
-------

TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) was used to isolate total RNA from tissues or cells. The quality and quantity of total RNA was determined using NanoDrop 2000 (Thermo Fisher Scientific, Inc.). Total RNA was reverse transcribed into first-strand complementary DNA (cDNA) using the PrimeScript RT Reagent Kit (Takara, Dalian, China). Thereafter, RT-qPCR was performed to measure the levels of LINC00922 and BDNF expressions using the SYBR Premix Ex Taq (Takara). GADPH served as the endogenous control for LINC00922 and BDNF.

For the determination of miR-424-5p expression, total RNA was extracted using the miRNeasy Mini Kit (Qiagen GmbH, Hilden, Germany) and was used for the synthesis of cDNA using the miScript Reverse Transcription kit (Qiagen GmbH). Next, the produced cDNA was subjected to qPCR using the miScript SYBR Green PCR kit (Qiagen GmbH). Expression of miR-424-5p was normalized to that of U6. All reactions were conducted using an Applied Biosystems 7500 Fast Real-Time PCR system (Applied Biosystems, Foster City, CA, USA), and relative gene expression was analyzed using the 2^−ΔΔCt^ method.

Cell Counting Kit-8 (CCK-8) Assay {#s0002-s2005}
---------------------------------

After 24 h of cultivation, transfected cells were harvested and suspended in complete culture medium. Then, 100 μL of cell suspension containing 2 × 10^3^ cells was added to each well of the 96-well plates, after which cells were cultured at 37°C in a humidified incubator supplied with 5% CO~2~ for 0, 24, 48, and 72 h. At the indicated time points, cells were incubated with 10 μL of CCK-8 solution (Sigma-Aldrich; Merck KGaA) at 37°C for another 2 h. The optical density of each well was detected at a wavelength of 450 nm using a Tecan microplate reader (Tecan Group, Ltd.).

Flow Cytometry {#s0002-s2006}
--------------

After 48 h of incubation, the transfected cells were removed from the 6-well plates by treatment with a trypsin reagent without ethylenediaminetetraacetic acid, followed by rinsing with pre-cooled phosphate-buffered saline solution. After centrifugation, the phosphate-buffered saline solution was discarded and the apoptotic status of the obtained cells was tested using an annexin V--fluorescein isothiocyanate (FITC) apoptosis detection kit (BioLegend, Inc.). The cells were resuspended in 100 μL of 1× binding buffer and additionally treated with 5 μL of annexin V--FITC and 5 μL of propidium iodide in the dark at room temperature for 15 min. Finally, double-stained cells were analyzed using the FACSCalibur Flow Cytometry system (BD Biosciences, San Jose, CA, USA) and the proportion of apoptotic cells was evaluated using CellQuest version 2.9 (BD Biosciences).

Transwell Migration and Invasion Assays {#s0002-s2007}
---------------------------------------

To determine cell migration, transfected cells were trypsinized after 48 h of incubation, centrifuged, and resuspended in serum-free culture medium. The upper chambers of Transwell inserts (BD Biosciences) were seeded with 100 μL of cell suspension containing 5 × 10^4^ cells, whereas 500 μL of culture medium containing 20% FBS was added to the lower chambers. Twenty-four hours later, the non-migrated cells that remained on the upper surface of the membrane were gently scraped with a cotton tip, whereas the migrated cells were fixed with 4% cold paraformaldehyde and stained with 0.05% crystal violet. After imaging, five fields were randomly selected and the average number of migrated cells was counted. The experimental steps of the Transwell invasion assays were the same as those described for the Transwell migration assays, except that the insets were precoated with Matrigel matrix (BD Biosciences).

Tumor Model Assay {#s0002-s2008}
-----------------

LINC00922 short hairpin (sh)RNA (sh-LINC00922) and scrambled shRNA (sh-NC) were obtained from Shanghai GenePharma Co., Ltd. and inserted into the GenePharma SuperSilencing Vector. Following lentivirus packaging, MCF-7 cells were transfected with lentivirus expressing sh-LINC00922 or sh-NC. The sh-LINC00922- or sh-NC-stably transfected MCF-7 cells were selected by incubation with puromycin.

All animal experiments were conducted with the approval of the Institutional Animal Care and Use Committee of The First People\'s Hospital of Jingzhou (JZFPH. \#20,190,115) and performed following the NIH guidelines for the Care and Use of Laboratory Animals (NIH Publication No. 85--23 Rev.1985). Four- to six-week-old female BALB/c nude mice were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China) and assigned to two groups: sh-LINC00922 or sh-NC. The sh-LINC00922 group was subcutaneously injected with 1 × 10^6^ MCF-7 cells stably expressing sh-LINC00922, whereas the same number of MCF-7 cells with sh-NC was injected into the sh-NC group. The dimensions of tumor xenografts were recorded once every 5 days, and their volume was calculated using the following equation: tumor volume (mm^3^) = 1/2 × length (mm) × width^2^ (mm^2^). All mice were euthanized at post-injection day 35, and tumor xenografts were extracted and weighed.

Bioinformatics Analysis {#s0002-s2009}
-----------------------

Gene Expression Profiling Interactive Analysis (GEPIA; [<http://gepia.cancer-pku.cn/>]{.ul}) was used to determine the expression status and clinical value of LINC00922 in breast cancer. The interaction between lncRNA and miRNA was assessed using StarBase version 3.0 ([<http://starbase.sysu.edu.cn/>]{.ul}). Three online databases, ie, StarBase version 3.0, miRDB ([<http://mirdb.org/>]{.ul}), and TargetScan ([<http://www.targetscan.org/>]{.ul}), were employed to identify the potential targets of miR-424-5p.

Luciferase Reporter Assay {#s0002-s2010}
-------------------------

The potential miR-424-5p-binding site in LINC00922 wild-type (wt) fragments and the corresponding mutant (mut) fragments were synthesized and inserted into the pmirGLO Dual-Luciferase vector (Promega, Madison, WI). The constructed luciferase reporter plasmids were termed LINC00922-wt and LINC00922-mut, respectively. BDNF-wt and BDNF-mut reporter plasmids were designed and constructed using the same experimental steps. For the luciferase reporter assay, cells were seeded into 24-well plates and then cotransfected with miR-424-5p mimic or miR-NC and either the wt or mut reporter plasmids using Lipofectamine 2000. After 48 h, the Dual-Luciferase Reporter Assay System (Promega) was used to detect firefly and *Renilla* luciferase activities. *Renilla* luciferase activity was used for normalization.

RNA Immunoprecipitation (RIP) Assay {#s0002-s2011}
-----------------------------------

The Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore, Billerica, MA, USA) was used for the RIP assay. Breast cancer cells were scraped off from 6-well plates and incubated with the RIPA lysis buffer. The cell lysate was treated with RIPA lysis buffer containing magnetic beads conjugated with a human antibody against Ago2 (Millipore) or negative control immunoglobulin G (IgG; Millipore). After incubation overnight at 4°C, the beads were harvested and washed with pre-cold NT2 buffer, followed by incubating with proteinase K for protein digestion. RT-qPCR was performed to test the enrichment of LINC00922 and miR-424-5p in the extracted immunoprecipitated RNA.

Western Blotting {#s0002-s2012}
----------------

Total protein was extracted using the RIPA lysis buffer with 1% phenylmethylsulfonyl fluoride and 1% protease inhibitor cocktail (KeyGEN BioTECH; Nanjing, China). Protein concentration was detected using the BCA Protein Assay Kit (KeyGEN BioTECH). After adding equal amounts of protein to each lane, the separation of total protein was conducted using 10% sodium dodecyl sulphate--polyacrylamide gel electrophoresis. The separated proteins were then transferred onto polyvinylidene difluoride membranes and blocked with 5% fat-free milk at room temperature for 2 h. Primary antibodies against BDNF (cat. No. ab205067; Abcam, Cambridge, UK) or GAPDH (cat. No. ab8245; Abcam) each at a dilution of 1:1000, were incubated with the membranes at 4°C overnight. After washing once, the membranes were further incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibody (1:5000 dilution; cat. No. ab205719; Abcam). Protein signals on the membranes were developed after the addition of an enhanced chemiluminescence Western blotting detection reagent (GE Healthcare Life Sciences, Little Chalfont, UK).

Statistical Analysis {#s0002-s2013}
--------------------

All statistical analyses were conducted using SPSS version 18.0 (SPSS, Inc.). Student's *t*-test was performed to test the differences between two groups, and one-way analysis of variance followed by Dunnett's post hoc test was performed to compare differences among three or more groups. Pearson's correlation coefficient was used to evaluate the correlation between the expression levels of LINC00922 and miR-424-5p. All results are presented as mean ± SD, and a P-value of \<0.05 was considered to indicate a statistically significant difference.

Results {#s0003}
=======

Downregulation of LINC00922 Restricts Breast Cancer Cell Proliferation, Facilitates Cell Apoptosis, and Impedes Cell Migration and Invasion in vitro {#s0003-s2001}
----------------------------------------------------------------------------------------------------------------------------------------------------

The GEPIA database was used to assess LINC00922 expression in breast cancer. LINC00922 was found to be highly expressed in breast cancer tissues compared with that in normal tissues ([Figure 1A](#f0001){ref-type="fig"}). To confirm this observation, LINC00922 expression was quantified in 58 pairs of breast cancer and matched adjacent normal tissues by RT-qPCR. LINC00922 was found to be upregulated in breast cancer tissues compared with that in adjacent normal tissues ([Figure 1B](#f0001){ref-type="fig"}). RT-qPCR was also performed to determine LINC00922 expression in four breast cancer cell lines: BT-474, MCF-7, SKBR3, and MDA-MB-231. MCF-10A served as the control. Results showed that LINC00922 expression was higher in these breast cancer cell lines than in MCF-10A ([Figure 1C](#f0001){ref-type="fig"}). We also evaluated the clinical value of upregulation of LINC00922 expression in breast cancer using the GEPIA database. Patients with breast cancer in the high-LINC00922 group had no significant correlation with tumor stage ([Figure 1D](#f0001){ref-type="fig"}), overall survival ([Figure 1E](#f0001){ref-type="fig"}), and disease-free survival ([Figure 1F](#f0001){ref-type="fig"}).Figure 1siRNA-induced LINC00922 silencing inhibits the proliferation, migration, and invasion but promotes apoptosis of breast cancer cells. (**A**) LINC00922 expression in breast cancer was analyzed using the GEPIA database. (**B**) RT-qPCR was conducted to examine the expression of LINC00922 in breast cancer tissues and matched adjacent normal tissues (n = 58). (**C**) RT-qPCR was used to quantify LINC00922 expression in four breast cancer cell lines (BT-474, MCF-7, SKBR3, and MDA-MB-231) and in a human immortalized breast epithelial cell line (MCF-10A). (**D**--**F**) The GEPIA database was used to examine the correlation between LINC00922 expression and tumor stage, overall survival or disease-free survival in patients with cervical cancer. (**G**) MCF-7 and MDA-MB-231 cells were transfected with either si-LINC00922 or si-NC. RT-qPCR was performed to determine knockdown efficiency. (**H**) The proliferation of LINC00922-depleted MCF-7 and MDA-MB-231 cells was measured using the CCK-8 assay. (**I**) The apoptosis of MCF-7 and MDA-MB-231 cells was evaluated after LINC00922 knockdown. (**J, K**) Migration and invasion assays were performed to test the migratory and invasive abilities of MCF-7 and MDA-MB-231 cells transfected with si-LINC00922 or si-NC. \*\*P \< 0.01.

To determine whether LINC00922 is associated with the progression of breast cancer, we transfected MCF-7 and MDA-MB-231 cells with si-LINC00922 to silence endogenous LINC00922 expression. si-LINC00922\#2 presented the highest efficiency in decreasing endogenous LINC00922 expression ([Figure 1G](#f0001){ref-type="fig"}) and was therefore used in the subsequent experiments. CCK-8 assay indicated that the transfection of si-LINC00922 decreased proliferation of MCF-7 and MDA-MB-231 cells ([Figure 1H](#f0001){ref-type="fig"}). In addition, flow cytometry was performed to assess the influence of LINC00922 knockdown on breast cancer cell apoptosis. Apoptosis of MCF-7 and MDA-MB-231 cells was enhanced by LINC00922 silencing ([Figure 1I](#f0001){ref-type="fig"}). Furthermore, the migratory and invasive abilities of LINC00922-deficient MCF-7 and MDA-MB-231 cells were characterized using Transwell migration and invasion assays. LINC00922 depletion notably reduced the migratory ([Figure 1J](#f0001){ref-type="fig"}) and invasive ([Figure 1K](#f0001){ref-type="fig"}) abilities of MCF-7 and MDA-MB-231 cells. Collectively, these findings suggest that LINC00922 functions as an oncogenic lncRNA that facilitates the malignant progression of breast cancer.

LINC00922 Serves as a Molecular Sponge for miR-424-5p in Breast Cancer Cells {#s0003-s2002}
----------------------------------------------------------------------------

LncRNAs perform specific functions by serving as ceRNAs of miRNAs that abrogate miRNA-mediated degradation of the direct targets of miRNAs.[@cit0026] Cytoplasmic and nuclear RNA fractions were analyzed using RT-qPCR to determine the localization of LINC00922 in breast cancer cells. The results indicated that LINC00922 was primarily concentrated in the cytoplasm of MCF-7 and MDA-MB-231 cells ([Figure 2A](#f0002){ref-type="fig"}), suggesting that LINC00922 serves as a ceRNA in breast cancer. Accordingly, bioinformatics analysis was performed to predict the putative miRNA(s) that bind to sequence(s) within LINC00922.Figure 2LINC00922 functions as a molecular sponge for miR-424-5p in breast cancer cells. (**A**) Cellular localization of LINC00922 in MCF-7 and MDA-MB-231 cells was measured by the isolation of cytoplasmic and nuclear RNA followed by RT-qPCR analysis. (**B**) The potential miRNAs that may be sponged by LINC00922. (**C**) Expressions of miR-383-5p, miR-195-5p, miR-497-5p, miR-16-5p, miR-15a-5p, and miR-424-5p in MCF-7 and MDA-MB-231 cells after LINC00922 knockdown were quantified using RT-qPCR. (**D**) RT-qPCR analysis of miR-424-5p expression in breast cancer tissues and matched adjacent normal tissues (n = 58). (**E**) Assessment of the possible correlation between the expression levels of LINC00922 and miR-424-5p in 58 breast cancer tumor samples was performed using Pearson's correlation coefficient (r = −0. 7114, P \< 0.0001). (**F**) The RIP assay was conducted in MCF-7 and MDA-MB-231 cell lysates. The coprecipitated RNA was isolated and analyzed by RT-qPCR to quantify the enrichment of LINC00922 and miR-424-5p. (**G**) The predicted miR-424-5p--binding sequences in LINC00922 (LINC00922-wt) and the design of the mutant sequence (LINC00922-mut). (**H**) A luciferase reporter plasmid expressing LINC00922 with either a wt or mut miR-424-5p-binding site was introduced into MCF-7 and MDA-MB-231 cells in parallel with either miR-424-5p mimic or miR-NC. Luciferase activity was quantified at 48 h after transfection. \*\*P \< 0.01.

A total of 15 miRNAs were predicted to have a potential binding site on LINC00922 ([Figure 2B](#f0002){ref-type="fig"}). Among these candidates, miR-346,[@cit0027] miR-15b-5p,[@cit0028] and miR-513a-5p[@cit0029] were upregulated in breast cancer and were therefore excluded from this study cohort. Among the remaining identified miRNAs, miR-383-5p,[@cit0030] miR-195-5p,[@cit0031] miR-497-5p,[@cit0032] miR-16-5p,[@cit0033] miR-15a-5p,[@cit0034] and miR-424-5p[@cit0035] were selected for experimental verification because these miRNAs have been widely reported to be downregulated in breast cancer and to have an anticancer role. We subsequently determined whether LINC00922 is involved in the regulation of the expressions of these miRNAs in breast cancer. RT-qPCR indicated that transfection with si-LINC00922 resulted in an obvious increase in the expression of miR-424-5p, whereas the expressions of other miRNAs remained unaltered in response to LINC00922 knockdown ([Figure 2C](#f0002){ref-type="fig"}). Relative miR-424-5p expression in the 58 pairs of breast cancer tissues and adjacent normal tissues was then evaluated using RT-qPCR. miR-424-5p expression was lower in the breast cancer tissues than in the adjacent normal tissues ([Figure 2D](#f0002){ref-type="fig"}). In the 58 breast cancer tissues, there was an inverse correlation between the expression levels of LINC00922 and miR-424-5p ([Figure 2E](#f0002){ref-type="fig"}; r = −0.7114, P \< 0.0001), as assessed using Pearson's correlation coefficient.

Ago2 is a crucial component of the RNA-induced silencing complex and downregulates mRNA through specific miRNAs. Hence, the anti-Ago2 antibody was used in the RIP assay of MCF-7 and MDA-MB-231 cell lysates to test whether LINC00922 can directly bind to Ago2. As shown in [Figure 2F](#f0002){ref-type="fig"}, LINC00922 and miR-424-5p were enriched in the Ago2 immunoprecipitates compared with that in the control IgG group. This suggests that there is a direct interaction between LINC00922 and miR-424-5p in breast cancer cells. The wt and mutant binding sites for miR-424-5p on LINC00922 are presented in [Figure 2G](#f0002){ref-type="fig"}. Luciferase reporter assay results revealed that miR-424-5p directly binds to LINC00922 and thereby decreases the luciferase activity of LINC00922-wt ([Figure 2H](#f0002){ref-type="fig"}) but not that of LINC00922-mut. These observations conclusively indicated that LINC00922 directly interacts with and serves as a molecular sponge for miR-424-5p in breast cancer cells.

LINC00922 Positively Regulates BDNF Expression in Breast Cancer Cells by Competitively Binding to miR-424-5p {#s0003-s2003}
------------------------------------------------------------------------------------------------------------

To further assess the activity of miR-424-5p in breast cancer cells, miR-424-5p mimic was transfected into MCF-7 and MDA-MB-231 cells and RT-qPCR was performed to assess the efficiency of miR-424-5p overexpression. Transfection with miR-424-5p mimic evidently increased miR-424-5p expression in MCF-7 and MDA-MB-231 cells ([Figure 3A](#f0003){ref-type="fig"}). CCK-8 assay and flow cytometry were performed to assess proliferation and apoptosis of miR-424-5p-overexpressing MCF-7 and MDA-MB-231 cells. miR-424-5p upregulation significantly inhibited the proliferation ([Figure 3B](#f0003){ref-type="fig"}) and promoted the apoptosis ([Figure 3C](#f0003){ref-type="fig"}) of MCF-7 and MDA-MB-231 cells. In addition, the migratory ([Figure 3D](#f0003){ref-type="fig"}) and invasive ([Figure 3E](#f0003){ref-type="fig"}) abilities of MCF-7 and MDA-MB-231 cells decreased following miR-424-5p overexpression.Figure 3*BDNF* mRNA is a direct target of miR-424-5p in breast cancer cells, and *BDNF* expression is positively regulated by LINC00922. (**A**) miR-454 expression in MCF-7 and MDA-MB-231 cells transfected with either miR-424-5p mimic or miR-NC was quantified using RT-qPCR. (**B, C**) MCF-7 and MDA-MB-231 cells after transfection with either miR-424-5p mimic or miR-NC were collected and subjected to CCK-8 assay and flow cytometry analysis to determine cell proliferation and apoptosis, respectively. (**D, E**) Migratory and invasive abilities of MCF-7 and MDA-MB-231 cells were evaluated using Transwell migration and invasion assays. (**F**) Schematic view of the miR-424-5p-binding site in the wt and mut 3′-UTR of *BDNF* mRNA. (**G**) Relative luciferase activity was measured in MCF-7 and MDA-MB-231 cells after cotransfection with the luciferase reporter plasmid (carrying either the wt or mut *BDNF* 3′-UTR) and either miR-424-5p mimic or miR-NC. (**H, I**) The mRNA and protein expressions of BDNF in MCF-7 and MDA-MB-231 cells transfected with miR-424-5p or miR-NC were examined using RT-qPCR and Western blotting, respectively. (**J**) Expression of BDNF in breast cancer tissues and matched adjacent normal tissues (n = 58) was analyzed using RT-qPCR. (**K**) A negative correlation between *BDNF* mRNA and miR-424-5p levels in the 58 breast cancer tumor samples was validated using Pearson's correlation coefficient (r = −0.6577, P \< 0.0001). (**L, M**) RT-qPCR and Western blotting were performed to quantify BDNF mRNA and protein expression in MCF-7 and MDA-MB-231 cells following their transfection with either si-LINC00922 or si-NC. (**N**) Pearson's correlation coefficient was used to assess the correlation between *BDNF* mRNA and LINC00922 expression levels in the 58 breast cancer tumor samples (r = 0.7041, P \< 0.0001). (**O, P**) Changes in BDNF expression were detected in MCF-7 and MDA-MB-231 cells at both protein and mRNA levels after cotransfection with si-LINC00922 and either anti-miR-424-5p or NC inhibitor. \*P \< 0.05 and \*\*P \< 0.01.

Three online databases (miRDB, StarBase version 3.0, and TargetScan) were used to search for an miR-424-5p target. *BDNF* was predicted as a candidate target gene of miR-424-5p; the binding sequences of miR-424-5p in the 3′-UTR of BDNF mRNA are illustrated in [Figure 3F](#f0003){ref-type="fig"}. Next, luciferase reporter assay showed that exogenous miR-424-5p expression drastically decreased BDNF-wt-driven luciferase activity; however, this suppressive effect was abrogated by mutation of the predicted miR-424-5p-binding sequence ([Figure 3G](#f0003){ref-type="fig"}). BDNF mRNA ([Figure 3H](#f0003){ref-type="fig"}) and protein ([Figure 3I](#f0003){ref-type="fig"}) expression levels were reduced with miR-424-5p overexpression in MCF-7 and MDA-MB-231 cells, as indicated by RT-qPCR and Western blotting, respectively. Next, to examine the correlation between miR-424-5p and BDNF expressions in breast cancer cells, RT-qPCR was performed to quantify the BDNF mRNA expression levels in the 58 pairs of breast cancer tissues and matched adjacent normal tissues. BDNF mRNA expression was upregulated in breast cancer tissues ([Figure 3J](#f0003){ref-type="fig"}), and this overexpression was inversely correlated with miR-424-5p expression ([Figure 3K](#f0003){ref-type="fig"}; r = −0.6577, P \< 0.0001). These results suggest that there is an miRNA--target mRNA relationship between miR-424-5p and BDNF mRNA in breast cancer.

Thus, LINC00922 serves as a molecular sponge for miR-424-5p in breast cancer cells and *BDNF* is a direct target gene of miR-424-5p. Hence, we hypothesized that LINC00922 functions as a ceRNA of miR-424-5p and consequently positively regulates BDNF expression in breast cancer. To test this hypothesis, BDNF expression was quantified following LINC00922 downregulation in MCF-7 and MDA-MB-231 cells. LINC00922 knockdown evidently decreased the BDNF mRNA ([Figure 3L](#f0003){ref-type="fig"}) and protein ([Figure 3M](#f0003){ref-type="fig"}) expression levels in MCF-7 and MDA-MB-231 cells. A significant positive correlation was identified between BDNF mRNA and LINC00922 expression levels in the 58 breast cancer tissues ([Figure 3N](#f0003){ref-type="fig"}; r = 0.7041, P \< 0.0001). A rescue experiment was performed to determine whether the miR-424-5p sponge is required for the positive modulation of LINC00922 on BDNF expression in breast cancer cells. MCF-7 and MDA-MB-231 cells were cotransfected with si-LINC00922 and miR-424-5p inhibitor (anti-miR-424-5p) or NC inhibitor. After transfection, Western blotting and RT-qPCR were conducted to determine the changes in BDNF expressions. The si-LINC00922-induced decreases in BDNF mRNA ([Figure 3O](#f0003){ref-type="fig"}) and protein ([Figure 3P](#f0003){ref-type="fig"}) expression levels were effectively reversed after cotransfection with anti-miR-424-5p. These findings suggest that LINC00922 is a ceRNA that can directly interact with miR-424-5p in breast cancer cells and participate in the stimulation of BDNF expression.

Increasing the miR-424-5p/BDNF Axis Output Neutralizes the Effects of LINC00922 Knockdown on the Proliferation, Apoptosis, Migration, and Invasion of Breast Cancer Cells {#s0003-s2004}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Rescue experiments were performed to evaluate whether the stimulatory effects of LINC00922 on the oncogenicity of breast cancer cells are dependent on the miR-424-5p/BDNF axis. To this end, either anti-miR-424-5p or NC inhibitor was introduced into MCF-7 and MDA-MB-231 cells in the presence of si-LINC00922. The efficiency of anti-miR-424-5p transfection was evaluated using RT-qPCR ([Figure 4A](#f0004){ref-type="fig"}). After cotransfection, breast cancer cell proliferation, apoptosis, migration, and invasion in each group were quantified using the CCK-8 assay, flow cytometry, Transwell migration, and Transwell invasion assays, respectively. The reduction in the proliferation ([Figure 4B](#f0004){ref-type="fig"}) and induction of apoptosis ([Figure 4C](#f0004){ref-type="fig"}) of MCF-7 and MDA-MB-231 cells with LINC00922 silencing were partially reversed by miR-424-5p inhibition. Similarly, LINC00922 expression interference impaired the migratory ([Figure 4D](#f0004){ref-type="fig"}) and invasive ([Figure 4E](#f0004){ref-type="fig"}) abilities of MCF-7 and MDA-MB-231 cells, and these effects were abrogated by miR-424-5p inhibition.Figure 4The inhibitory roles of LINC00922 knockdown in breast cancer cells are reversed by miR-424-5p inhibition. (**A**) anti-miR-424-5p was transfected into MCF-7 and MDA-MB-231 cells, and the effect was quantified using RT-qPCR. (**B**--**E**) The proliferation, apoptosis, migration, and invasion of MCF-7 and MDA-MB-231 cells treated after cotransfection with si-LINC00922 and either anti-miR-424-5p or NC inhibitor were investigated using the CCK-8 assay, flow cytometry, Transwell migration assay, and Transwell invasion assay, respectively. \*P \< 0.05 and \*\*P \< 0.01.

Similarly, MCF-7 and MDA-MB-231 cells transfected with si-LINC00922 were cotransfected with BDNF-overexpressing pc-BDNF or empty pcDNA3.1 plasmid. Western blotting analysis confirmed that transfection with pc-BDNF increased BDNF protein expression in MCF-7 and MDA-MB-231 cells ([Figure 5A](#f0005){ref-type="fig"}). CCK-8 assay and flow cytometry analysis revealed that loss of LINC00922 suppressed MCF-7 and MDA-MB-231 cell proliferation ([Figure 5B](#f0005){ref-type="fig"}) and promoted cell apoptosis ([Figure 5C](#f0005){ref-type="fig"}), but these impacts were abrogated in response to BDNF overexpression. In addition, the si-LINC00922-mediated inhibition of migratory ([Figure 5D](#f0005){ref-type="fig"}) and invasive ([Figure 5E](#f0005){ref-type="fig"}) abilities of MCF-7 and MDA-MB-231 cells was reversed after transfection with pc-BDNF. These results collectively suggest that LINC00922 performs pro-oncogenic actions during breast cancer progression via the miR-424-5p/BDNF axis.Figure 5Reintroduction of BDNF abrogates the influence of LINC00922 depletion on breast cancer cells. (**A**) Western blotting was performed to detect BDNF protein expression in MCF-7 and MDA-MB-231 cells after pc-BDNF or pcDNA3.1 transfection. (**B**--**E**) LINC00922-deficient MCF-7 and MDA-MB-231 cells were treated with pc-BDNF or pcDNA3.1. CCK-8 assay, flow cytometry, Transwell migration assay, and Transwell invasion assay were performed to evaluate the proliferation, apoptosis, migration, and invasion of cells, respectively. \*P \< 0.05 and \*\*P \< 0.01.

Depletion of LINC00922 Attenuates Tumor Growth in vivo {#s0003-s2005}
------------------------------------------------------

The biological role of LINC00922 in breast cancer tumor growth was studied in vivo using a xenograft model. MCF-7 cells stably transfected with sh-LINC00922 or sh-NC were injected subcutaneously into mice. The knockdown efficiency of sh-LINC00922 in MCF-7 cells was analyzed using RT-qPCR ([Figure 6A](#f0006){ref-type="fig"}). Consistent with the results obtained in vitro, LINC00922 depletion significantly slowed the growth of MCF-7 xenograft cells in vivo ([Figure 6B](#f0006){ref-type="fig"} and [C](#f0006){ref-type="fig"}). In addition, the tumor xenografts derived from the LINC00922-deficient MCF-7 cells had a lower weight than those in the sh-NC group ([Figure 6D](#f0006){ref-type="fig"}). Next, miR-424-5p was proven to be upregulated ([Figure 6E](#f0006){ref-type="fig"}) and the BDNF protein to be downregulated ([Figure 6F](#f0006){ref-type="fig"}) in sh-LINC00922-expressing tumor xenografts. Therefore, we identified that LINC00922 promotes tumor growth of breast cancer cells in vitro via the miR-424-5p/BDNF axis.Figure 6Downregulation of LINC00922 attenuates tumor growth in breast cancer cells in vivo. (**A**) The relative LINC00922 expression in MCF-7 cells was evaluated using RT-qPCR following stable transfection with either sh-LINC00922 or sh-NC using lentiviral vectors. (**B**) Representative images of the subcutaneous xenograft tumors isolated from sh-LINC00922 and sh-NC groups. (**C**) The tumor growth curve was plotted by measuring the tumor volume every 5 days for 35 days after cell inoculation. (**D**) The weight of subcutaneous xenograft tumors was measured on day 35 after cell inoculation. (**E, F**) The expressions of miR-424-5p and BDNF protein in the subcutaneous xenograft tumors were quantified using RT-qPCR and Western blotting, respectively. \*\*P \< 0.01.

Discussion {#s0004}
==========

In recent years, lncRNAs have been identified to play a critical role in the genesis and progression of multiple human cancer types.[@cit0036],[@cit0037] In breast cancer, various lncRNAs are dysregulated and implicated in many malignant processes.[@cit0038]--[@cit0040] Hence, lncRNAs may be an important target for the diagnosis, treatment, and prognosis of breast cancer. Although multiple lncRNAs have been validated,[@cit0041] further research is necessary to identify their roles in breast cancer. Therefore, we aimed to determine the expression and functions of LINC00922 in breast cancer. We also aimed to determine how LINC00922 regulates the oncogenicity of breast cancer cells in vitro and in vivo.

LINC00922 is upregulated in lung cancer and is correlated with poor clinical outcomes of patients with lung cancer.[@cit0025] Functional research affirmed that LINC00922 overexpression promotes cell proliferation, migration, and invasion in lung cancer.[@cit0025] To date, no relevant studies have investigated the expression and roles of LINC00922 in breast cancer. In this study, the TCGA and GTEx databases were used to evaluate LINC00922 expression in breast cancer. The results indicated that LINC00922 was highly expressed in breast cancer. To confirm this observation, RT-qPCR was performed on 58 pairs of human breast cancer tissues and adjacent normal tissues to quantify LINC00922 expression. A high LINC00922 expression level was verified in breast cancer tissues. Additionally, the four breast cancer cell lines used had relatively higher LINC00922 expression than MCF-10A. Functionally, the interference of LINC00922 facilitated apoptosis but suppressed the proliferation, migration, and invasion of breast cancer cells in vitro. Furthermore, LINC00922 knockdown restricted tumor growth of breast cancer cells in vivo.

Next, a series of experiments was performed to identify the underlying mechanisms by which LINC00922 performs its pro-oncogenic roles in breast cancer. Previous studies have reported that the roles of lncRNAs were closely related to their cellular localization.[@cit0042],[@cit0043] Hence, the distribution of LINC00922 was assessed in breast cancer cells using nuclear--cytoplasmic fractionation, followed by RT-qPCR analysis, which confirmed that LINC00922 was primarily distributed in the cytoplasm of breast cancer cells. Recent research has proposed the ceRNA hypothesis, which states that lncRNAs possess miRNA-responsive elements and serve as molecular sponges for miRNAs in human cancers, thereby protecting the target mRNAs from suppression and/or degradation.[@cit0044]--[@cit0046] This lncRNA/miRNA crosstalk regulates gene expression and consequently drives pathological processes during cancer genesis and progression.[@cit0047]

In the present study, using an online database for lncRNA target prediction, StarBase 3.0, miR-424-5p was identified as a putative miRNA target of LINC00922. To confirm this, luciferase reporter assay was performed, which demonstrated the direct binding interaction between LINC00922 and miR-424-5p in breast cancer. This was also confirmed using the RIP assay. In addition, miR-424-5p was identified to have reduced expression in breast cancer tissues and to exert tumor-inhibiting activities. Furthermore, the direct binding of miR-424-5p and BDNF 3′-UTR was demonstrated by several mechanistic experiments. Interestingly, LINC00922 silencing improved miR-424-5p expression levels but decreased BDNF expression via miR-424-5p sponging in breast cancer cells. LINC00922 levels were inversely related to miR-424-5p expression but were positively correlated with BDNF mRNA expression in the 58 breast cancer tissues. Collectively, these results identified a novel LINC00922-mediated ceRNA network in breast cancer involving LINC00922, miR-424-5p, and BDNF.

Abnormal miR-424-5p expression has been previously reported in various human cancers including breast cancer.[@cit0035],[@cit0048],[@cit0049] miR-424-5p was confirmed as an anti-oncogenic miRNA in breast cancer cells and was shown to inhibit cancer progression.[@cit0035],[@cit0048],[@cit0049] Mechanistically, BDNF, which is located on the short arm of chromosome 11 (11p13),[@cit0050] was verified as a direct target of miR-424-5p in breast cancer. In this study, BDNF expression was shown to be regulated by the LINC00922/miR-424-5p axis in breast cancer cells. The results of rescue experiments further demonstrated that the influences on breast cancer cell proliferation, apoptosis, migration, and invasion induced by LINC00922 silencing were abrogated by increasing the output of the miR-424-5p/BDNF axis, implying that miR-424-5p/BDNF was required for LINC00922-mediated breast cancer progression. Overall, oncogenic LINC00922 aggravates the malignancy of breast cancer by targeting the miR-424-5p/BDNF axis.

Conclusion {#s0005}
==========

LINC00922 was overexpressed in breast cancer tissues and cell lines. LINC00922 could function as an miR-424-5p sponge and was implicated in breast cancer progression by promoting BDNF expression. The LINC00922/miR-424-5p/BDNF pathway may offer a promising novel molecular target in breast cancer therapy.
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